In contrast with traditional chemotherapy, controlled drug delivery systems provide many advantages.
Introduction
In recent years, cancer has become one of the most disastrous diseases worldwide, and there were 17.5 million cancer cases and 8.7 million deaths in 2015. 1 The main approach in clinical treatment, chemotherapy, is restricted by some unavoidable defects. Most small molecule drugs come with severe side effects such as biological toxicity to normal tissues and cells, 2 and protein and peptide drugs easily degrade in body circulation and exhibit lower bioavailability. 3 The drug delivery system (DDS) has attracted more and more attention in recent years due to the characteristics of sustained and slowed release of drugs, which might be capable of relieving the damage to normal tissue by concentrated small molecule drugs or reducing the degradation and rapid renal clearance of polypeptide drugs. 4 However, the release of loaded drugs from the ordinary DDS relies on the diffusion of drug molecules and/or the degradation of matrix material, and it is hard to release drugs in the lesion at the appropriate time.
5
The stimuli-responsive drug delivery system (SDDS) was designed to be able to achieve concentrated release in the expected place and at the appropriate time under one or more stimuli, such as light, 6,7 pH 8 , enzymes, 9 temperature 7 and redox, 8 and so could signicantly increase the drug concentration in the lesions and avoid unnecessary drug release in normal tissues. Among all kinds of stimuli-responsive DDSs, the thermo-responsive DDS has tremendous application potential due to its excellent controllability and antiinterference ability. 7 The most critical factor of the thermoresponsive DDS is that the molecular conformation of the carrier can be responsively changed at a specic temperature to allow the drugs to be loaded in or released out.
Poly(N-isopropylacrylamide) (PNIPAM) is a well-known thermosensitive polymer whose macromolecular chain contains both hydrophilic acylamino and hydrophobic isopropyl groups, and it undergoes a reversible phase transition from a swollen hydrated state to a shrunken dehydrated state in aqueous solution above its lower critical solution temperature (LCST) around 32 C. 10 The LCST of PNIPAM can be precisely upregulated by introducing hydrophilic monomers and varying the molar ratio of monomers to adapt to biomedical applications. biomedical applications such as poorer stability, lower drugloading capacity and probable cytotoxicity.
Well-designed polymers with a "core-shell-periphery" structure, a hydrophobic core surrounded by a hydrophilic stabilizing shell, have been applied as gene transfection vectors and drug delivery carriers in past decades, [15] [16] [17] and star polymers consisting of a core and several graed arms have attracted much attention. [18] [19] [20] [21] [22] [23] Star polymers exhibit greater encapsulation capability due to their three-dimensional globular structures which provide looser drug loading spaces. 24 Moreover, the hydrophilic arms covalently connected to the core can improve the colloid stability and aqueous solubility. 25 In particular, star polymers can be endowed with a specic environmental responsiveness by adding correspondingly sensitive arms.
26
There are three main approaches for star polymer synthesis: core-rst, 27, 28 arm-rst,
29
and graing-on. 30 The graing approach is thought to be benecial for the structural control of star polymers.
Here, a novel thermo-sensitive pompon with a core-arm structure was developed as a thermo-responsive controlled release drug carrier. Firstly, single-chain cyclized/knotted poly tetra(ethylene glycol) diacrylate (polyTEGDA) nanoparticles with multiple vinyl groups were synthesized as a core using a Cu 0 & Cu II -mediated CRP method. [31] [32] [33] Meanwhile, the LCST of PNI-PAM was up-regulated to slightly above human body temperature by introducing hydrophilic N-methylolacrylamide (NMA) monomers. Then, the linear thermosensitive polymer poly-(NIPAM-co-NMA) was graed onto the polyTEGDA nanoparticles via Michael addition between the amino groups and vinyl groups to form a pompon-like star polyTEGDA-b-poly-(NIPAM-co-NMA). Based on the analysis and adjustment of the thermo-response of polyTEGDA-b-poly(NIPAM-co-NMA), the drug-loading capacity and the drug-release behavior of the pompons at different temperatures were investigated in detail. The antitumor abilities of DOX loaded pompons were preliminarily studied by observing the inhibition rates of ovarian carcinoma SKOV-3 cells below and above the LCST. The results show that the novel DOX loaded pompons exhibit a desirable thermo-responsive drug-release behavior. The star polymer polyTEGDA-b-poly(NIPAM-co-NMA) was subsequently synthesized via Michael addition between the amino group on poly(NIPAM-co-NMA) and multiple vinyl groups on polyTEGDA. As is known, the synthesis of star polymers with macromolecular arms through the graing-on method can be quite difficult because of the stereo-hindrance effect. In order to improve the graing rate, the mass ratio of poly(NIPAM-co-NMA)-NH 2 and polyTEGDA was set as the excessive ratio of 100 : 1, and the reaction was carried out in DMSO for 24 h at room temperature. Aer that, the reaction solution was puried using a dialysis method (M w CO: 20 kDa) for 24 h and dried in a vacuum freeze drier for later use. The synthetic route of the star polymer polyTEGDA-b-poly(NIPAM-co-NMA) is illustrated in Fig. 1 . Fig. 1b is a schematic diagram of the formation process of star polyTEGDA-b-poly(NIPAM-co-NMA). In practical application, the PNIPAM arms oen did not extend regularly and straight. The arms were intertwined, and it was this intertwining of the arms that provided the space for DOX loading.
Experimental section

Chemicals
Tetra(ethylene glycol) diacrylate (TEGDA, 98%), ethyl a-bro- moisobutyrate (EBriB, 98%), copper(II) bromide (CuBr 2 , 99%), N,N,N 0 ,N 0 ,N 00 -pentamethyldiethylenetriamine (PMDETA, 99%),
Polymer characterization
The chemical structure of the polymers was conrmed using 1 H NMR. The polymers were dissolved in deuterated dimethylsulphoxide (DMSO-D6) and measured on a Varian Inova 400 MHz spectrometer. The molecular weight (M w and M n ) and polydispersity index (PDI) of the polymers were measured using Gel Permeation Chromatography (Agilent 1260 Innity MultiDetector GPC). Dynamic light scattering was performed to determine the size and distribution of polyTEGDA and star pompon polyTEGDA-b-poly(NIPAM-co-NMA) using a Zetasizer Nano Series Malvern Instrument (ZS90) at 37 C and 42 C, respectively. The morphology of the DOX loaded pompons was observed with SEM (Hitachi S4800). Optical transmittances of the thermosensitive polymer aqueous solutions were measured with a Lambda Bio40 UV-Vis spectrometer (Perkin-Elmer) at 500 nm from 35 C to 50 C.
Cell culture
SKOV3 (human ovarian carcinoma) and L929 (mice bro-blasts) cell lines were obtained from West China Second University
Hospital of Sichuan University (Chengdu, China). Cells were maintained in DMEM medium with 10% fetal bovine serum (Hyclone, USA) and 100 U ml À1 penicillin-streptomycin (Gibco BRL, Grand Island, NY), and incubated in a humidied atmosphere containing 5% CO 2 at 37 C.
Cytotoxicity
The cytotoxicity of poly(NIPAM-co-NMA)-NH 2 and polyTEGDAb-poly(NIPAM-co-NMA) against L929 cells was evaluated by MTT assay. L929 cells were seeded in a 96-well Lab-Tek chamber with a density of 1 Â 10 4 per chamber and allowed to attach for 12 h. Then, the cells were exposed to a series of concentrations of the polymers for 24, 48 and 72 h, respectively. Aer that, the cells were incubated with 20 ml MTT solution (5 mg ml À1 ) for a further 4 hours in the cell incubator. Then, the culture medium was discarded and 150 ml DMSO was added per well to dissolve the purple insoluble material at the bottom. UV-absorbance values were measured using a microplate reader at 490 nm. Cell viability was calculated in reference to a control group without exposure to test agents. All of the experiments were repeated thrice. The cytotoxicity comparison between poly(NIPAM-co-NMA)-NH 2 and polyTEGDA-b-poly(NIPAM-co-NMA) was carried out according to the cell viabilities at an equal poly(NIPAM-co-NMA) content.
Synthesis of drug loaded pompons and drug thermoresponsive release behavior
Drug loaded polymeric pompons were prepared via an O/W emulsion method. Firstly, DOX$HCl (8 mg) was dispersed in chloroform (CHCl 3 ) (4 ml) with TEA (3 mol eq. to DOX$HCl) to form an oil phase. Then, 20 mg polymer was dissolved in deionized water (20 ml) to form an aqueous phase. The oil phase was added dropwise to the aqueous phase with magnetic stirring and reacted overnight in darkness to remove the chloroform. 1 mg drug loaded pompons was dissolved in 2 ml DMSO and the absorbance of the solution was determined using a Microplate reader at 490 nm. The standard curve of UV-absorbance of the DOX/DMF solution (y ¼ 20.215x + 0.0246, R 2 ¼ 0.9984) was used to calculate the DOX concentration. The drug loading content was calculated according to the following formula:
where W DOX is the weight of DOX in the pompons and W Total is the weight of the DOX loaded pompons. Dialysis bags containing 1 ml drug loaded pompon solution (polymer concentration: 1 mg ml À1 ) were immersed in 20 ml distilled water. The release temperatures were set at 37 C and
42
C. An aliquot of 1 ml was withdrawn from the solution at each pre-set time and replaced with fresh release medium. The released drug was quantied using UV-Vis spectroscopy at 490 nm. The cumulative release was calculated via W t /W Â 100%, where W t is the weight of the drug released from the pompons at time t, and W is the total weight of the drug loaded into the pompons.
Antitumor ability in vitro of DOX loaded pompons
The antitumor ability in vitro of DOX loaded star pompon polyTEGDA-b-poly(NIPAM-co-NMA) was conrmed using an MTT assay. Test samples containing different concentrations of pompon were incubated with SKOV-3 cells for 24 h at 37 C and 42 C, and the related cell viabilities were measured.
Results and discussion
Preparation and characterization of polyTEGDA
PolyTEGDA was synthesized using a Cu 0 & Cu II -mediated CRP method. During the synthesis process, the GPC traces showed a unimodal peak and the peak moved steadily to the le (T < 2.5 h). Aer 2.5 hours, it was observed that the GPC trace exhibits a near-symmetrical unimodal peak which indicates the successful synthesis of single-chain cyclized/knotted macromolecules without any intermolecular combination (Fig. 2a) . The nal polyTEGDA had a Mn of 9.9 kDa with a PDI of 1.14. 1 H NMR spectroscopy was employed to conrm the chemical structure of the resultant polyTEGDA. As shown in Fig. 2b (Fig. 3a) . The LCST was dened as the temperature producing half of the total decrease in optical transmittance. The LCST of poly(NIPAM-co-NMA)-NH 2 was determined by measuring the optical transmittance from 35 C to 50 C.
Synthesis of poly(NIPAM-co-NMA)-NH 2 and regulation of LCST
PNIPAM itself showed a LCST near 32 C. A signicant LCST rise could be observed when NIPAM was copolymerized with hydrophilic NMA. The LCSTs of the linear polymer arms with different molar feed ratios of NIPAM/NMA(6 : 1, 8 : 1, 10 : 1) were 40.3 C, 39.6 C, and 38.7 C, respectively (Fig. 3b) . It was reported that hydrophilic monomers introduced to PNIPAM can disturb the dehydration of PNIPAM and increase the energy needed for precipitation. 34 As the more hydrophilic component, NMA copolymerizing with NIPAM can increase the thermal energy required for the precipitation of PNIPAM. Therefore, the LCST of the copolymer is higher than that of pure PNIPAM. Increasing the mole fraction of NMA can shi the LCST to higher temperature. To avoid premature phase transition of the star polymer under normal physiological conditions (37 C), the linear thermosensitive polymer with a LCST of 40.3 C (NIPAM/NMA molar feed ratio of 6 : 1) was chosen as the arms of the star polymer. 
Synthesis and thermosensitivity of polyTEGDA-gpoly(NIPAM-co-NMA) pompons
The chemical structure of the star polymer was conrmed by 1 H NMR spectroscopy. In the 1 H NMR spectrum (Fig. 4a) groups of polyTEGDA reacted with the amino groups of poly(NIPAM-co-NMA). The hydrophilic arms were successfully graed onto the hydrophobic core to form a star polymer pompon with a "core-arm" structure.
The number average molecular weights of poly(NIPAM-co-NMA)-NH 2 (NIPAM/NMA ¼ 6 : 1), polyTEGDA and polyTEGDAg-poly(NIPAM-co-NMA) were determined to be 5.3 kDa with a PDI of 1.21, 9.9 kDa with a PDI of 1.14, and 25.6 kDa with a PDI of 1.07, respectively (Fig. 4b) . The signicant Mn increase of polyTEGDA-g-poly(NIPAM-co-NMA) relative to poly(NIPAM-co- The thermo-sensitivity of the star pompons is shown in Fig. 4c . Compared to the corresponding thermosensitive polymer poly(NIPAM-co-NMA)-NH 2 , the LCST of the prepared star pompons is lowered down to 39. 4 C owing to the addition of the hydrophobic core, just within the expected range slightly above body temperature (37 C).
DLS results of the cores and star pompons are shown in Fig. 5a and b. The hydrophobic core has a smaller average particle size of 15.67 nm with a PDI of 0.281. The smaller size indicates that the single-chain cyclized/knotted polyTEGDA nanoparticles possess a compact inner structure. In contrast, the average diameter of the star pompons is 476.9 nm with a PDI of 0.395 at 37 C. The obvious size increase of star pompons relative to the core might result from the introduction of the hydrophilic arms. DLS results for star pompons at different temperatures are shown in Fig. 5b . When the temperature was lower than the LCST, the amide groups on the arms could form intermolecular hydrogen bonds with water molecules. These water molecules were arranged in an orderly manner around the chains and formed a layer of solvation shell, and the arms showed a stretched hydrated state. As the temperature was raised to 42 C (higher than the LCST), the average particle size was reduced to 304.7 nm with a PDI of 0.298 (Fig. 5a ). The hydrogen bonds between the arm molecules and water molecules were destroyed by the intensied molecular thermal motion, and the solvation shell was broken. Meanwhile, some hydrogen bonds between the intramolecular and/or intermolecular amide groups could be formed, causing the molecule chain of the arms to be curled and to display a shrunken dehydrated state. This result revealed the thermo-responsive behavior of the prepared pompons.
Cytotoxicity
The cytotoxicities of blank poly(NIPAM-co-NMA)-NH 2 and the star pompons polyTEGDA-g-poly(NIPAM-co-NMA) with an equivalent poly(NIPAM-co-NMA) content against L929 cells are shown in Fig. 6 . Aer incubation with L929 cells for 24 h, 48 h and 72 h, the blank poly(NIPAM-co-NMA)-NH 2 exhibited a certain cytotoxicity at the higher concentrations, but the star polyTEGDA-b-poly(NIPAM-co-NMA) showed negligible cytotoxicity even at high concentrations, as proven by the high cell viability ($100%).
3.5 Drug loading and thermo-responsive release behaviors of the pompons DOX as the model drug was loaded into the star pompons. The SEM image (Fig. 7a) showed that the DOX loaded star pompons showed a regular spherical morphology with a diameter of about 350-450 nm. The drug loading capacity (LC) of the DOX loaded pompons was 19.45%. When the temperature was below the LCST, the stretched chain arms graed onto the core could intertwine into a three-dimensional network to provide a looser drug loading space. The DOX would be predominantly loaded into this network, and few DOX molecules could get into the innermost core of polyTEGDA due to its smaller size and compact structure. The thermo-responsive drug release behaviour of the star pompons was studied using a dialysis method at 37 C and 42 C. The drug release proles (Fig. 7b) showed the drastic change in drug release rate from star pompons at the temperatures below and above the LCST. The star pompons could stay stable at the temperature of 37 C (below the LCST); only a very small amount of the loaded drug (about 20.7%) leaked out of the pompons via the diffusion of drug molecules in 72 h. Quite a lot of the drug (about 79.3%) still remained in the star pompons. Dissimilarly, the drug release rate dramatically increased when the temperature was increased to 42 C (above the LCST), and about 71% of the loaded drug was released from the pompons in 72 h. As the temperature was raised from 37 C to 42 C, the three-dimensional network composed of the intertwined arms could be converted from the relaxed hydrated state to the shrunk dehydrated state, and the drugs dissolved in solution within the network were extruded out. The drug release from these thermosensitive star pompons is mainly reliant on the extrusion effect resulting from the volume shrinkage above the LCST, and so the star polyTEGDA-g-poly(NIPAM-co-NMA) pompons perform with higher stability and controllability as a controlled release drug carrier.
Antitumor ability in vitro against SKOV-3 cells
The antitumor ability of DOX-loaded pompons in vitro against ovarian carcinoma SKOV3 cells is shown in Fig. 8 . At the lower pompon concentrations (equivalent to a DOX concentration <10 À1 mg ml À1 ), the DOX loaded pompons exhibited similar cancer cell inhibition capacities without obvious difference at 37 C and 42 C. This might be attributed to the extremely low drug concentration; even if all of the DOX had been released from an inadequate quantity of pompons, it was less than the effective inhibitory concentration (EIC). It is consistent with literature reports that cell viability would be higher than 80% at lower free DOX concentrations (less than 10 À1 mg ml À1 ) when the SKOV3 cells were co-cultured with free DOX. 35 In contrast, the DOX loaded pompons with higher concentrations demonstrated much stronger antitumor ability at 42 C than at 37 C, proting from the rapid thermo-responsive release at the temperature above the LCST. Consequently, these thermosensitive star pompons have potential as desirable thermo-responsive drug carriers for cancer therapy.
Conclusions
A novel thermosensitive star pompon, polyTEGDA-b-poly-(NIPAM-co-NMA), with polyTEGDA as the hydrophobic core and poly(NIPAM-co-NMA) as the hydrophilic arms, has been synthesized using a graing-on method. The single-chain cyclized/knotted polyTEGDA core appeared as a compact nanoparticle with an average diameter of 15.67 nm, and linear thermosensitive poly(NIPAM-co-NMA) with a lower critical solution temperature (LCST) was graed onto the core and subsequently intertwined into a three-dimensional network.
The thermo-responsive performance of the star pompons could be modied by adjusting the LCST of poly(NIPAM-co-NMA) via the hydrophilic monomer NMA. At the temperature below or above the LCST of the star pompons, the poly(NIPAM-co-NMA) molecular chains intertwined in a three-dimensional network existed in the form of the relaxed hydrated state or the shrunk dehydrated state, respectively, and so the drug could be loaded in or extruded out. Importantly, the drug release from these thermosensitive star pompons was mainly reliant on the extrusion effect resulting from the volume shrinkage of the temperature above the LCST, rather than the diffusion of drug molecules and/or the degradation of the matrix in the ordinary DDS. The experimental results show that the DOX loaded star pompons with a high drug loading capability of 19.45% demonstrated much higher drug release rates at 42 C (above their LCST of 39.4 C) than at 37 C (normal human body temperature), and then exhibited much stronger antitumor ability against ovarian carcinoma SKOV3 cells in vitro. This study demonstrates that this novel polyTEGDA-b-poly(NIPAMco-NMA) star pompon displays higher drug loading capability and controllable thermo-response and has considerable promise as a thermo-responsive controlled drug delivery carrier.
Conflicts of interest
There are no conicts to declare.
